Semiconductor microcavities are used to support freely flowing polariton quantum liquids allowing the direct observation and optical manipulation of macroscopic quantum states. Incoherent optical excitation at a point produces radially expanding condensate clouds within the planar geometry. By using arbitrary configurations of multiple pump spots, we discover a geometrically controlled phase transition, switching from the coherent phase-locking of multiple condensates to the formation of a single trapped condensate. The condensation threshold becomes strongly dependent on the programmed superfluid geometry and sensitive to cooperative interactions between condensates. We directly image persistently circulating superfluid and show how flows of light-matter quasiparticles are dominated by the quantum pressure in such configurable laser-written potential landscapes. Microcavity polaritons, formed by strongly coupling semiconductor excitons to photons trapped in a resonant planar optical cavity, are two-dimensional bosonic quasiparticles with very light effective mass and a lifetime of tens of picoseconds, controlled by how fast photons escape through the surrounding mirrors [1] [2] [3] [4] [5] . Injecting incoherent carriers by nonresonant optical pumping produces reservoirs of excitons which relax and, at high densities, accumulate into a single polariton state with occupancy >1, showing strong macroscopic quantum effects on 100 m length scales.
Microcavity polaritons, formed by strongly coupling semiconductor excitons to photons trapped in a resonant planar optical cavity, are two-dimensional bosonic quasiparticles with very light effective mass and a lifetime of tens of picoseconds, controlled by how fast photons escape through the surrounding mirrors [1] [2] [3] [4] [5] . Injecting incoherent carriers by nonresonant optical pumping produces reservoirs of excitons which relax and, at high densities, accumulate into a single polariton state with occupancy >1, showing strong macroscopic quantum effects on 100 m length scales.
The behavior of polaritons in a microcavity with negligible disorder is governed by their bosonic character [1, 2] , the balance between their creation and decay [3] , and their strong long-range interactions [4, 5] . The repulsion between these composite light-matter quasiparticles (g) leads to expanding pools of polariton quantum liquid flowing out from each pump reservoir [6] . Similar to atomic BoseEinstein condensates, collective phenomena observed include condensation into a single state [7] , superfluid propagation [8, 9] , and quantized vortices [10, 11] , as well as rich phenomena from the nonlinear condensate which responds to the potential it creates itself [12] [13] [14] [15] [16] [17] .
Here we demonstrate how the geometry of optical excitation plays a critical role in selecting the stable polariton condensate formed. These condensates suddenly flip from freely flowing but phase-locked to a spatially trapped configuration. We stress this new type of behavior comes from the nonlinear interactions within the polariton superfluid. Previous studies [13, 18] have shown that two nearby condensates always spontaneously phase-lock together, independent of their separation [ Fig. 1(b) ]. The imaged light is emitted near vertically by the polariton condensates, which expand radially away from the two incoherently pumped spots. The stable interference patterns persisting over many seconds show the stability of the resulting phase-locking.
However, unexpectedly, a completely different behavior emerges when using larger numbers (N up to 20) of independently controllable pump spots [19] in specific spatial configurations on the microcavity [ Fig. 1(a) ]. The condensates forming within this controllable potential landscape are found to switch into a new state, trapped in the potential valley defined by the surrounding pump spots.
A 5=2 AlGaAs distributed Bragg reflector microcavity is used for all experiments, with four sets of three GaAs quantum wells placed at the antinodes of the cavity electric field. The cavity quality factor is measured to exceed Q > 16 000, corresponding to a cavity photon lifetime > 7 ps, with transfer matrix simulations giving Q ¼ 2 Â 10 4 . Strong coupling is obtained with a characteristic Rabi splitting between upper and lower polariton energies of 9 meV. The microcavity wedge allows scanning across the sample to set the detuning between the cavity and exciton modes. All data presented here use a negative detuning of À8 meV, although other negative detunings give similar results.
Full control of arbitrary excitation geometries (e.g., multiple pump spots, circular ring) is achieved by phaseshaping the pump beam by using a high-resolution spatial light modulator (SLM) steered by computer-generated phase patterns. The SLM allows precise and independent control of intensity and position for each 1 m diameter pump spot. It is illuminated by a beam-expanded singlemode cw laser at ¼ 755 nm, chopped with 17% duty cycle to reduce sample heating. Because of the strong nonlinear response of the system, intensity instability and spatial variation of detuning and disorder across the sample are detrimental, and particular care is taken to create uniform and symmetric excitation patterns. A 4 Â telescope in combination with a 100 Â microscope objective, acting as a Fourier lens, images the light patterns onto the sample, held at T ¼ 10 K in a liquid helium flow cryostat. On the detection side, the photoluminescence around 800 nm is collected by the microscope objective with a numerical aperture of 0.75, separated from pump laser reflections with a Bragg filter, and guided to a camera and a spectrometer recording real space images. A replaceable f ¼ 200 mm Fourier lens allows the k space to be monitored. Images are recorded on a Si CCD camera in the magnified image plane, while spectra are recorded through a 0.55 m monochromator with a liquid-nitrogen-cooled CCD. The coherence of the polariton condensate is measured by autocorrelation using a Mach-Zehnder interferometer [10] .
The switching between condensate regimes is strongly dependent on the separation of the pump spots. The slowly diffusing exciton population created in the vicinity of each spot produces a local blueshift in the polariton potential of V 0 up to 2 meV with a spatial decay over 4 m [13] . Here, the pump spots are equally spaced out from the pattern center around a circle of diameter d. With four pump spots the phase-locked lattice collapses to a single centrally located condensate for pump separations below a critical d c ¼ 30 m [Figs. 1(c) and 1(e)]. The transition can also be induced by increasing the excitation power, which favors the trapped configuration. In the locked state polaritons flow out beyond the pump ring, but in the trapped state this outflow is extinguished.
Increasing the number of injection spots increases the critical separation d c and produces a greater variety of trapped wave functions. For six spots in a hexagonal configuration, higher-order states are seen at this transition [Figs. 1(d), 1(f), and 1(g)]. For increasingly azimuthalsymmetric situations such as a large diameter ring pump, increasingly small asymmetries in shape and/or power distribution produce anisotropic combinations of the different higher-order near-degenerate wave functions for the trapped condensate state [20] [ Fig. 1(h) ] (Supplemental Material [21] ). These also resemble the quantum corrals for 2D electron surface states [22] . For such ring-shaped pumps, no phase-locked state is geometrically possible, and at the coherent threshold a trapped condensate is always formed. However, in all cases, as the spacing between the pumps reduces, the trapped condensate collapses into a Gaussian-shaped ground state. As we show below, polariton confinement in the linear potentials does not account for our observations, which are driven by nonlinear polariton interactions.
In the two-spot situation, both static [13] and dynamic [18] spectroscopy shows that the condensate spontaneously organizes into a coherent polariton wave packet bouncing back and forth between the exciton reservoirs, where it experiences gain by stimulated scattering. Such dynamics and pattern formation is typical of the nonlinear wave equation that governs the light-matter quantum fluid [23] . For the six-spot case, the trapped state first forming after the phase transition has a periodically modulated hexagonal path reflected from each pump spot [ Fig. 1(f) ]. Such states are analogous to whispering gallery modes in optical [24] or acoustic [25] resonators and here form persistently circulating superflows of the quantum fluid, analogous to persistent supercurrents. In common with most whispering gallery resonators, both co-and counterrotating circulation occurs producing interference that results in the periodically modulated standing waves. Suggestively, they form only when the round trip time of a circulating polariton wave packet becomes less than the polariton lifetime below threshold, so that coherence is preserved on one round trip (equivalent to the energy spacing of trapped states [13] becoming larger than their linewidth). At closer separations, the lowest order spatial modes of the potential confinement acquire larger gain (better overlap with pump spots) and are preferentially excited [ Fig. 1(g) ] (Supplemental Material [21] ).
To explore the phase transition between locked and trapped states in more detail, the power threshold for condensation is found for each spatial configuration and pump separation (Fig. 2) . This threshold is sharply defined by the appearance of fringes in the real space image 
The cooperative phase-locking of multiple condensates formed by N pump spots leads to a significant reduction in threshold, directly visible in condensation thresholds per pump spot [ Fig. 2(c) , region III] which fall below the value for a single spot P thr ¼ 11 mW as the pump spots get closer and also in the sublinear threshold increase for N > 3 [ Fig. 2(d)] .
At smaller pump separations, the polariton potential produces trapped condensates (region II), with an abrupt twofold reduction in the condensation threshold at the transition which occurs below 30 m separations (Fig. 2) . The ring pumped condensate is always trapped [green dashed line, Fig. 2(a) ], experiencing increasing thresholds for larger pump separations (P thr / d) due to the decreasing overlap of the pump reservoirs with the trapped state. Surprisingly, all trapped condensates require the same total pump fluence, independent of the number of spots [plateau in Fig. 2(a), region II] . This implies that condensation proceeds by combining polaritons harvested by stimulated scattering from all the reservoirs. The difference in thresholds is analogous to that between FabryPerot and whispering gallery modes in microresonators. At the smaller d in this regime, all pump spot configurations create a shallow potential that supports only a single lobed trapped condensate [Figs. 1(d), 1(g), and 1(i)].
For distances d < 12 m a second transition to a higher threshold condensate (regime I) is seen. Here the overlapping blueshifts from the pump spots raise the potential in the central region, emptying the trap and radially expelling the condensate [6] . The spatial position of this transition to regime I is well predicted from the diffusion size of the exciton reservoirs. As d ! 0, the threshold approaches that of a single pump, as expected for perfectly overlapped pumps.
Several factors influence the self-selected state of the condensate. Phase-locking is favored by the boson interactions (Supplemental Material [21] ) and naturally emerges from the nonlinear complex Ginzburg-Landau (CGL) wave equation that describes the system [13] [14] [15] . Near-degenerate condensates are brought into degeneracy by the oscillatory exchange of coherent polaritons [26] as in Josephson coupling (see Supplemental Material [21] ). We find phase-locking occurs right up to the maximum separations of 80 m set by the field of view of our imaging system.
To understand the reason for the phase transition from locking to trapping, it is important to note that as the pump spots become closer, the phase-locked polariton wave packet trajectories move to the inside of the pump ring, closer to the trap center [ Fig. 3(a) ]. This is because the polaritons radially emerging from each pump spot feel the flow of polaritons from all the other pump spots. On the inside towards the center, these opposing flows at some point balance to produce a stationary flow velocity, u ¼ r ¼ 0 (for wave function c ¼ ffiffiffi ffi p e i ) at which the polariton density is then higher. Polaritons do not also build up in the motionless center, because they find it difficult to reach, as shown in our simulations below.
To model the system, we use the modified normalized CGL equation [15] 
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where is the effective gain, is the polariton diffusion arising from energy relaxation, and is the gain saturation. This incorporates nonequilibrium pumping and decay, as well as energy relaxation (Supplemental Material [21] ), and crucially here these terms are spatially varying. The CGL equation is simulated on a lattice with the blueshifted potential VðrÞ ¼ V 0 fðrÞ created by N Gaussian pump spots fðrÞ ¼ P i e ÀwðrÀr i Þ 2 with the reservoir spatial widths matching the experimental diffusion length of 4 m. The polariton gain and nonlinear diffusion, concentrated only near the reservoirs, are best fit with parameters ¼ 0:1fðrÞ, ¼ 0:3fðrÞ, and ¼ fðrÞ. For , , ! 0 the Gross-Pitaevskii equation used in static models of Bose-Einstein condensates is recovered. Our model well reproduces the transition described previously: from phaselocked [III, Figs. 3(a) and 3(d) ] to trapped condensate [II, Figs. 3(c) and 3(f) ]. We find that this transition is robust to the specific parameters and is universally found when using localized pumping of such condensates. We thus seek an intuitive explanation for the phase transition observed.
The symmetry of the pumping geometry and hence the superfluid velocity flow can be used to derive (Supplemental Material [21] ) the chemical potential,
with contributions respectively from kinetic energy, exciton and polariton repulsion, and quantum pressure energy (including the minus sign). Simulations show that for wellseparated spots [ Fig. 4(a) ] this quantum pressure term in (2) dominates the polariton flow as it is important wherever the density varies on distances comparable to the healing length ¼ @= ffiffiffiffiffiffiffiffiffiffiffiffi ffi 2m Ã p $ 1 m. The repulsive potential hills centred at each pump spot cause the velocity of outflow to increase with distance from the pumping spots thus reducing the fringe spacing, f $ dB =2, of the standing waves formed by the counterpropagating polariton currents originating from different pump spots. The quantum pressure energy forms a large energy barrier (comparable to the repulsive self-energies) in the case of well-separated pump spots [ Fig. 4(c) ] and strongly retards the flow of polaritons away from the static flow points, favoring the formation of locked states only, with the polariton superfluid flow kept out of the trap center. We note also the appearance of a phase discontinuity together with a vortex pair pinned near this quantum pressure barrier [Figs. S7(a)-S7(c)].
Increasing the power or decreasing d destabilizes this situation. When the pumps approach close enough, then f > , the quantum pressure decreases, and the system becomes turbulent with vortices appearing, interacting, and disappearing, unconstrained by the quantum pressure barrier. In this domain our simulations show time-varying behavior that never settles down even at long times [ Fig. 3(e) ]. At even closer separations the system again stabilizes [ Fig. 4(b) ], the quantum pressure term reduces drastically, and all the vortices are expelled from the condensate which is now trapped in the center . While the quantum pressure controls the transition, it arises as a byproduct of the initial phase locking rather than causing it directly. This phase transition is inherent to superfluid interactions and induced by spatially distributed excitation of a nonequilibrium condensate, easily accessed in the polariton microcavity system. We note all phenomena seen here differ completely from vertical-cavity surface-emitting lasers, in which in-plane transport is rapidly attenuated outside any pumped region. Polariton condensates thus support an optical superfluid in which new nonlinear transitions can be induced and directly observed from their light emission. Such understanding of superflows is crucial for harnessing superfluid polariton circuits and interferometric devices. Devices in prospect include gyroscopes based on polaritons flowing in a loop [27] , analogous to helium superfluid gyroscopes which are capable of high-sensitivity measurement of the absolute rotation angle. Another class of devices are macroscopic quantum interference devices for quantum information processing, enabled by entangling different condensates in a polariton circuit or controlling polariton superfluid vortices. Since polariton condensation can be achieved at room temperature, this would thus enable practical polariton chips capable of high-sensitivity measurement.
In summary, we have observed a phase transition induced by the geometrical configuration of polariton injection into a condensate. The quantum pressure component of the condensate potential is responsible for energy barriers which act to corral the condensate to regions away from the pattern center. Below a critical pump separation found both experimentally and theoretically, the polariton superflow completely reorganizes into a trapped state in the center. Since this trapped state is situated far from the pump regions, it forms a stable condensate amenable to further manipulation.
We 
